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In PML/RARA-driven acute promyelocytic leukemia (APL), retinoic acid (RA) induces 
leukemia cell differentiation and transiently clears the disease. Molecularly, RA activates 
PML/RARA-dependent transcription and also initiates its proteasome-mediated degradation. 
In contrast, arsenic, the other potent anti-APL therapy, only induces PML/RARA degradation 
by specifically targeting its PML moiety. The respective contributions of RA-triggered 
transcriptional activation and proteolysis to clinical response remain disputed. Here, 
we identify synthetic retinoids that potently activate RARA- or PML/RARA-dependent 
transcription, but fail to down-regulate RARA or PML/RARA protein levels. Similar to RA, 
these uncoupled retinoids elicit terminal differentiation, but unexpectedly fail to impair 
leukemia-initiating activity of PML/RARA-transformed cells ex vivo or in vivo. Accordingly, 
the survival benefit conferred by uncoupled retinoids in APL mice is dramatically lower 
than the one provided by RA. Differentiated APL blasts sorted from uncoupled retinoid- 
treated mice retain PML/RARA expression and reinitiate APL in secondary transplants. 
Thus, differentiation is insufficient for APL eradication, whereas PML/RARA loss is essential. 
These observations unify the modes of action of RA and arsenic and shed light on the 
potency of their combination in mice or patients. 



Acute promyelocytic leukemia (APL) is driven 
by the PML/RARA fusion protein, which in- 
terferes with both transcriptional regulation 
by RARA and the assembly — and presumably 
function — of PML nuclear bodies (Lallemand- 
Breitenbach and de The, 2010). RARA signal- 
ing controls myeloid differentiation (Kastner 
et al., 2001), whereas PML is implicated in self- 
renewal (I to et al., 2008), which likely explains 
how PML/RARA enforces both a promyelo- 
cyte differentiation block and acquisition of 
self-renewal. APL is a unique model in cancer 
biology as a result of the empirical discovery of 
two active drugs, retinoic acid (RA) and arsenic 
trioxide, which have been shown a posteriori 
to target PML/RARA (Quignon et al, 1997; 
deThe and Chen, 2010). RA, which elicits APL 
cell differentiation ex vivo and in vivo, yields 
transient remissions in patients or mice. Arsenic 
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initiates delayed differentiation in vivo only, but 
nonetheless cures up to 70% of de novo pa- 
tients. Combined treatment with RA and arse- 
nic definitively cures all mice and over 90% 
of patients (Lallemand-Breitenbach et al., 1999; 
Rego et al, 2000; Hu et al, 2009; de The and 
Chen, 2010). 

Mechanistically, RA converts PML/RARA 
from a constitutive repressor into a transcrip- 
tional activator, which could explain the differ- 
entiation block reversal (Melnick and Licht, 
1999). In addition, both RA and arsenic trigger 
PML/RARA degradation by, respectively, tar- 
geting each of its RARA and PML constitutive 
moieties (de The and Chen, 2010). Although 
some correlative studies have suggested that 
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therapy-induced PML/RARA loss may be responsible for 
the clearance of leukemia-initiating cells (Nasr et al., 2008), 
blast differentiation through transcriptional activation of PML/ 
RARA is still widely considered to account for therapeutic 
efficacy of RA, so that the molecular bases for this extraor- 
dinary clinical success remain disputed. Elucidation of the role 
of PML/RARA degradation was until now precluded by the 
lack of nuclear receptor mutants for which transcriptional 
activation and degradation would be fully uncoupled or of 
ligands that would activate transcription but fail to degrade 
the oncogenic fusion. Here, we identify two such molecules 
and demonstrate that although they trigger efficient APL cell 
differentiation, they fail to abolish leukemia-initiating activ- 
ity ex vivo or in vivo. Thus PML/RARA degradation under- 
lies RA anti-leukemic activity, unifying the modes of action 
of RA and arsenic. 



RESULTS AND DISCUSSION 

Uncoupled retinoids activate RARA signaling 

but fail to initiate RARA degradation 

Previous studies had demonstrated that RA-induced RARA 
catabolism was tightly linked to its ability to activate transcrip- 
tion (Zhu et al., 1999). In an attempt to identify molecules that 
could modulate RA-triggered RARA degradation, we stably 
expressed an EGFP— RARA fusion in H1299 cells and exam- 
ined the ability of 800 FDA-approved drugs to enhance or an- 
tagonize RA-induced degradation. Cells were treated with the 
drugs (10 uM) for 30 min before an overnight RA treatment 
(1 uM), and nuclear EGFP was quantified on live cells. As ex- 
pected, some RAR or RXR agonists further reduced EGFP- 
RARA levels, whereas proteasome inhibitors blocked its 
RA-induced degradation. Interestingly, multiple drugs with 
glucocorticoid/progestative activities antagonized RA-induced 
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Figure 1. Ligand-induced RARA transactivation and degradation can be uncoupled and control distinct biological effects. (A) Structures of 
RA, etretinate (Etre), acitretin (Aci) and NRX195183 (NRX). (B) Western blot analysis of ff/Aff/A-transduced rars-'- MEFs after 6 h of treatment with RA, 
acitretin, or NRX at 1 uM. Actin demonstrates equal loading. (C) RA, acitretin, or NRX (1 pM), activate cyp26 and rarb gene expression in rars~'~ MEFs 
stably reexpressing RARA, mean ± SD of three independent experiments. (D) Dose-response analysis of RA, acitretin, or NRX for the activation of RARE3-TK-Luc, 
a luciferase RA responsive reporter gene, in ft/lft/l-transduced rars-'- MEFs. Results are expressed as percentage of maximal activation, demonstrating 
similar affinities of the three retinoids. Means ± SD of 3 independent experiments. (E) Correlation between RA-, acitretin-, and NRX-triggered gene acti- 
vation in rars-'- MEFs stably reexpressing RARA and treated for 8 h. Logarithmic scale. Analysis was restricted to genes induced more than twofold by 
RA or uncoupled retinoids in the transcriptomic arrays. Linear regression of the data is shown. Mean values of two independent experimental replicates. 
(F) Effect of RA, acitretin, or NRX on colony formation of fl/4fl/4-transformed lineage-negative (Lin - ) primary mouse hematopoietic progenitors after the 
first plating in methylcellulose (means ± SD of 3 independent experiments). (G) Effect of RA, acitretin, or NRX treatment on the cells described in F after 
1 wk of methylcellulose culture (May-Grunwald Giemsa [MGG] staining, top; bar, 10 pm) or 24 h in liquid culture (FACS analysis, log 10 fluorescence, 
bottom). Representative experiment of three independent ones. 
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RARA degradation. In contrast, antidepressive agents of dif- 
ferent families promoted RARA degradation. Unexpectedly, 
RA-triggered EGFP-RARA degradation was antagonized by 
etretinate, a well-known retinoid used for treating psoriasis. 
This suggested that some retinoids may activate transcription 
without necessarily degrading RARA. Accordingly, contrary to 
RA, etretinate, acitretin, its active metabolite or NRX195183 
(NRX), a well-characterized RARA-specific agonist (Fig. 1 A), 
were all incapable of degrading RARA in immortalized 
rara,b,g~ , ~ mouse embryonic fibroblasts (rars~ x ~ MEFs) stably 
reexpressing RARA (Fig. 1 B) or in cells expressing endoge- 
nous RARA (not depicted) . Yet, acitretin and NRX, at a con- 
centration of 1 uM, activate the transcription of primary 
RARA target genes (rarb or cyp26al) or synthetic reporters 
(RARE3-Tk-Luc) as RA (Fig. 1, C and D). Moreover, in 
keeping with previous studies (Beard et al., 2002; Louisse et al., 
2011), RA, NRX, and acitretin had similar dose— responses 
(and kinetics) for the activation of RARE3-Tk-Luc or for 
transcriptional activation of endogenous cyp26al (Fig. 1 D and 
not depicted). We finally performed array analysis of RARA- 
transduced rars~'~ MEFs treated with RA, acitretin, or NRX. 
At 4 or 8 h, 1 uM retinoid displayed similar activation patterns, 
although the mean magnitude of induction was reduced by 
25% with acitretin or NRX when compared with RA (Fig. 1 E), 
possibly reflecting the role of nuclear receptor degradation in 
sustained activation (Geng et al., 2012). 

We then compared the biological effects of these three reti- 
noids in i^4i?y4-transformed murine primary hematopoietic 



progenitors, which exhibit a promyelocytic differentiation 
block and can be serially replated in methylcellulose cul- 
tures (Du et al., 1999; Zhu et al., 2005). As previously re- 
ported, RA induced terminal differentiation of these cells, 
as shown by MGG staining and FACS analysis, and com- 
pletely abolished their clonogenic activity in methylcellulose 
(Fig. 1, F and G). In contrast, acitretin or NRX only elicited 
terminal differentiation (Fig. 1 F) and treated methylcellulose 
cultures exhibited normal clonogenic growth (Fig. 1 F). 
Thus, in Ry4Ry4-transformed cells, transcriptional activation 
suffices to initiate differentiation, whereas RARA degrada- 
tion underlies the loss of clonogenic activity, dramatically 
illustrating the pharmacological dissociation of these two pre- 
viously intricately linked biological responses. 

Uncoupled retinoids differentiate PML/RARA-transformed 
cells without affecting their clonogenic activity ex vivo 

We similarly examined the effects of these retinoids on PML/ 
i^4_Ry4-expressing cells. In rars~'~ MEFs stably expressing 
PML-RARA, two primary target genes, rarb and tgm2, were 
similarly up-regulated by the three drugs (Fig. 2 A). Yet, in these 
cells or in PML/i?v4J?y4-traiisformed lin~ murine hematopoi- 
etic progenitors, PML/RARA was completely degraded by 
RA treatment, but unaffected by treatment with acitretin or 
NRX, even at high concentrations (Fig. 2 B and not depicted). 
In methylcellulose cultures, acitretin or NRX again induced 
terminal differentiation of transformed primary progenitors 
(Fig. 2 C, top), but did not affect clonogenic growth, contrary 
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Figure 2. Ligand-induced PML/RARA transactivation and degradation result in distinct biological effects. (A) RA, acitretin, or NRX (1 pM) activate 
rarb and tgm2 gene expressions in rars~ ! ~ MEFs stably expressing PML/RARA. Mean ± SD of three independent experiments. (B-D) Western blot analysis (B), 
differentiation on MGG staining (C, top; bar, 10 pm), and colony formation (D) of PM/.-/?4ft4-transformed Lin murine hematopoietic progenitors after 
7-d treatment in methylcellulose culture with RA, acitretin, or NRX at 1 pM. Differentiation by FACS analysis (log 10 fluorescence) after 24 h of treatment 
in liquid culture (C, bottom). Representative experiment of three independent ones. 
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to RA, which completely abolished colony formation (Fig. 2 D 
and not depicted). In the presence of uncoupled retinoids, 
differentiated PML/RARA-transformed cells could even be 
serially replated more than three times (unpublished data). Com- 
plete differentiation was similarly triggered by all three agents 
in liquid cultures (Fig. 2 C, bottom). 

In vivo comparison of retinoids highlights the key role 
of PML/RARA degradation in APL clearance 

This unexpected dissociation between differentiation and clo- 
nogenic activity ex vivo prompted us to examine the effects of 
these drugs in vivo. For this, we used a well-characterized APL 
mouse model (Brown et al., 1997; Lallemand-Breitenbach 
et al, 1999), in which APL cells derived from PML/RARA 
transgenics are serially transplanted in syngeneic hosts. Mice 
were treated with retinoids when the disease was established, 
allowing analysis of tumor response (bone marrow cell differ- 
entiation, growth, clonogenic activity as tested by transplanta- 
tion in secondary recipients) and of mouse survival. A 7-d RA 
treatment yielded a very significant prolongation of sur- 
vival (median of 50 vs. 18 d).The survival benefit was con- 
siderably smaller with NRX, acitretin, or etretinate, the 
metabolic precursor of acitretin identified in the original 
screen, when compared with RA (P < 10~ 4 ; Fig. 3 A and 
not depicted) . Yet, retinoid plasma concentrations were mea- 
sured in the same range (Fig. 3 B), target gene activations at 
6 h were highly comparable (Fig. 3 C) and differentiation, as 
assessed by morphology after 3 d of in vivo treatment, was 
similar (Fig. 3 D, top). We could detect some differences in 
the expression of cell surface differentiation markers (Fig. 3 D, 
bottom), likely reflecting reappearance of some nonleuke- 
mic cells in the bone marrow of RA-treated mice. As ex- 
pected, in APL blasts invading the bone marrow, PML/RARA 
was completely degraded after 3 d of RA treatment, whereas 
its level was unaffected in animals treated with uncoupled 
retinoids (Fig. 3 E). 

In line with our ex vivo observations, abundance of APL 
blasts (as assessed by the quantification of PML/RARA DNA 
in the bone marrow of APL mice) was significantly reduced 
after 3 (or 6) d of RA-treatment, but, again, was largely un- 
affected by the two uncoupled retinoids (Fig. 3 F).To directly 
assess leukemia-propagating activity in the marrows of treated 
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Figure 3. Uncoupled retinoids fail to clear APL. (A) Survival analysis 
of APL mice treated for 7 d with RA, etretinate (acitretin precursor), 
or NRX. 5 mice per group for NRX or etretinate, 10 for RA and controls. 
Pooled data from two independent experiments. Log rank test was used 
to evaluate significance of the survival difference between APL mice 
treated with RA or uncoupled retinoids. (B) Circulating levels of RA, 
acitretin, or NRX 3 h after initiation of therapy. Mean values of two mice 
per condition. (C) Correlation between RA-, etretinate-, and NRX-triggered 
gene activation in APL cells treated for 6 h in vivo. Logarithmic scale. 
Analysis was restricted to genes induced more than twofold by RA in the 
transcriptomic arrays. Linear regression of the data are shown. Mean 
value of two mice per condition. (D) MGG staining (bar, 10 urn) and FACS 



analysis (log 10 fluorescence) of bone marrow cells from APL mice treated 
with RA, acitretin, or NRX for 3 d. Representative experiment of three 
independent ones. (E) Western blot analysis of PML/RARA levels in APL 
cells after 3-d in vivo treatment. (F) Quantification by Q-PCR of PML/ 
RARA DNA in bone marrow cells of APL mice after 3- or 6-d treatment 
with RA, etretinate, or NRX. Means + SD of three mice per condition. 
(G) Survival of secondary recipients inoculated with 10 6 bone marrow 
cells from 3- or 6-d treated APL mice. 10 mice per group for NRX or etret- 
inate, 20 for RA and controls at 3 d. 8 per group at 6 d. Pooled data from 3 
independent experiments. Log rank test was used to evaluate significance 
of the survival difference between secondary recipients injected with 
bone marrow cells from RA- or uncoupled retinoid-treated APL mice. 
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animals, we transplanted 10 6 bone marrow cells in syngeneic 
secondary recipients and monitored their survival. In that setting, 
3-d treatments with NRX or acitretin yielded modest effects 
(likely reflecting differentiation), whereas the survival of sec- 
ondary mice was very significantly enhanced by RA-treatment, 
with 30% of injected animals never developing the disease 
(Fig. 3 G, left). An even more dramatic difference was noted 
using marrows of APL mice treated for 6 d (Fig. 3 G, right). 

Differentiated blasts still expressing 
PML/RARA efficiently reinitiate APL 

To rule out that leukemia-initiating activity of acitretin- or 
NRX-treated APL cells (Fig. 3 G) may reflect the presence of 
remaining undifferentiated blasts in the inoculates, we strin- 
gently sorted Mac-l hi s h /Gr-l hi e h cells from APL mice treated 
for 3 d with RA, NRX, or etretinate (Fig. 4 A). The quality of 
the sorting was verified by examination of cell morphology on 
MGG stains and by resorting (unpublished data). As expected, 
differentiated blasts from NRX- or etretinate-treated animals 
displayed abundant PML/RARA microspeckles, whereas those 
from RA-treated animals did not (Fig. 4 B). Strikingly, these 
cells reinitiated APLs when reinjected in irradiated syngeneic 
hosts, whereas those from RA-treated mice never did, even 
when 10 5 cells were reinjected (Fig. 4 C and not depicted). We 
cannot formally exclude the presence of very rare undifferenti- 
ated cells in the inoculum, despite their absence in 100-fold 
excess cells of RA-treated APL mice, which exhibit similar pat- 
terns and kinetics of differentiation. Interestingly, the resulting 
leukemia exhibited classical promyelocytic features, illustrating 
in vivo dedifferentiation of the terminally differentiated APL 
cells used for inoculation. Collectively, these data pharmaco- 
logically establish the uncoupling of differentiation and APL 
regression in vivo and underscore the key role of PML/RARA 
degradation in APL eradication. 

Our findings have important implications for basic reti- 
noid pharmacology because they demonstrate the existence 
of drugs that only activate (such as NRX or etretinate) or that 
activate and degrade (such as RA), revealing new perspectives 



for retinoid pharmacology and underscoring the importance 
of determining the structural bases for these differences. In 
APL, our data formally demonstrate that RA-elicited tran- 
scriptional activation promotes cell differentiation, whereas 
only PML/RARA loss fully abolishes leukemia-initiating ac- 
tivity. Sustained levels of RARA or PML/RARA protein 
may be required for self-renewal, independent from the tran- 
scriptional status of direct target genes, although it remains 
possible that a small subset of targets is differentially regulated 
by the three retinoids. Our findings explain why many reti- 
noids, like etretinate, that are not efficient RARA degraders 
promoted some ex vivo and even in vivo tumor differentia- 
tion in patients, but failed to clear the disease (Breitman et al., 
1981; Flynn et al, 1983; Sampi et al, 1985), an endpoint only 
later achieved by all-trans-RA (Huang et al., 1988). They also 
explain why genetically RA-resistant APLs undergo terminal 
differentiation through rexinoid-mediated transcriptional 
activation by the PML/RARA-RXRA complex (Guillemin 
et al., 2002; Altucci et al., 2005), but fail to regress upon treat- 
ment because PML/RARA is not efficiently degraded. Many 
leukemia-associated fusions repress differentiation genes. These 
fusions have been targeted by several transcription-modulating 
agents, such as cytokines or histone deacetylase inhibitors 
Qohnstone, 2002; Altucci et al, 2005; Leiva et al, 2012). Our 
results suggest that even if those drugs achieve transcrip- 
tional reactivation and restore differentiation, they are un- 
likely to clear the disease. Finally, these observations unify 
the modes of action of RA and arsenic and shed light on the 
dramatic synergy between RA and arsenic in mice or pa- 
tients (Lallemand-Breitenbach et al., 1999; Rego et al.,2000; 
Hu et al., 2009; deThe and Chen, 2010). Oncoprotein deg- 
radation may thus represent a feasible and efficient therapeu- 
tic option in other malignancies (Ablain et al., 2011). 

MATERIALS AND METHODS 

Chemicals, cell culture, and viruses. PML/RARA and RARA trans- 
duction of lineage negative (Lin~) primary hematopoietic progenitors was 
performed exactly as previously described (Du et al., 1999). ATRA, Acitretin 
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Figure 4. APL transplantation by inoculation of PML/RARA-expressing, terminally differentiated APL cells. (A) FACS sorting of the Mac-1 h '9 h / 
Q r _1 high ce || s f rom tne b one marrow of APL mice treated for 3 d with RA, NRX, or acitretin (log 10 fluorescence). (B) Immunofluorescence analysis of PML 
reveals nuclear PML/RARA microspeckles in bone marrow cells from 3-d NRX- or etretinate-treated mice (bar, 10 urn). Representative cell obtained in two 
different experiments. (C) Death by APL of sublethally irradiated syngeneic recipients inoculated with cells (10 3 or 10 4 ) sorted in A. 



JEM Vol. 210, No. 4 



651 



JEM 



(Sigma-Aldrich), or NRX195183 (gift from R. Chandraratna, Allergan, 
Irvine, CA) were used at the indicated concentrations. After a 1-wk treat- 
ment, colonies were counted and cells were harvested, analyzed, or replated 
in methylcellulose medium for an additional week. 

Immortalized MEFs from which the three RARs were excised (pro- 
vided by P. Chambon, Institut de genetique et de biologie moleculaire 
et cellulaire, Strasbourg, France) were transduced with MSCV retroviruses 
expressing RARA or PML/RARA as described in Zhou et al., 2006. Cells 
were cultured in DMEM containing 10% FBS and treated for 4 or 8 h before 
gene and protein expression analysis. Reporter plasmid RARE-3-Tk-Luc 
(de The et al., 1990) was transfected into rars~'~ MEFs transduced or not 
with RARA or PML/RARA, and luciferase activity was monitored. 

Animal experiments and cell analyses. Mouse work was performed as 
previously described (Nasr et al., 2008) in accordance with established in- 
stitutional guidance and approved protocols from the Comite Regional 
d'Ethique Experimentation Animale n°4, which enforces the EU 86/609 
directive. 25 mg/kg/d of acitretin and etretinate (the precursor of acitretin; 
Santa Cruz Biotechnology, Inc.) or 50 mg/kg/day NRX were administered 
intraperitoneally. ATRA (Innovative Research of America) was adminis- 
tered as subcutaneous 10-mg pellets that consistently released a daily quantity 
of drug (0.5 nig). Determination of blood levels was performed as previously 
reported (Nasr et al., 2008). Log-rank test on Kaplan-Meier analysis was 
used to evaluate statistical significance of survival differences. 

Real-time PCR for the quantification of gene expression or PML- 
RARA DNA, protein analyses by Western Blot, or immunofluorescence, 
flow cytometry analysis, and cell-sorting procedures were previously de- 
scribed (Nasr et al., 2008). All microscopy observations of immunofluores- 
cence or MGG stains were made using an Axiovert 200M (60X lens, NA 
1.4, oil; Carl Zeiss) or an Olympus BX63 (40x lens), respectively. 

Array analyses. Samples were hybridized on Asymetrix Mouse Gene 1.1 ST 
Arrays and log 2 measures were obtained using RMA normalization. For each 
condition, the fold induction between treatment and control was calculated 
based on averaged expression measures. 
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